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Abstract 
This paper deals with the conditions for bending of sheet metals by electrical discharge machining (EDM). The thermal strain caused by the 
tensile stress after EDM was used to bend a sheet metal. Plate and wedged electrode were used to bend the strips simply, and a pipe was used to 
form a convex shape. The negative electrode polarity was preferable to reduce the removal rate. The warp of the strip in the lateral direction 
disturbed the bending performance. The incremental forming by shifting the discharge position was also tried to avoid the influence of the warp. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Today, mechanical and electronic parts have been 
miniaturized with high precision. Small mechanical parts are 
often made of sheet metals which are generally formed by 
mechanical methods such as stamping or bending [1]. It is 
difficult to adjust a bending angle accurately because of 
spring-back. In prototyping or small lot production, many 
forming method without the dies have been proposed to 
reduce the cost of the dies and some have been practically 
used. 
In shot peening, small media such as steel, ceramics, glass 
or resin beads are blasted onto a sheet metal over a velocity of 
several tens of meters per second. Their kinetic energy is 
changed into the residual compression stress on the sheet 
metal, so that a convex shape is formed without the die [2]. A 
rubber mask is used to restrict the shot area. The blast 
deteriorates the surface roughness, and sometimes induces the 
work hardening which disturbs the forming performance. 
Electromagnetic forming is a very high speed forming 
method without one side of stamping dies. Because a current 
pulse with very large peak and short duration is supplied to 
generate magnetic field, equipment becomes large. 
Laser forming uses laser pulses with a very short duration 
to generate thermal expansion by heating or impulsive force 
by the laser abrasion. Then the compression stress deforms the 
sheet metal. Plasma jet also induces the compression stress for 
forming [5]. Laser equipment itself and its running cost are 
generally expensive. 
The thermal strain or transformation generates a tensile 
stress during electrical discharge machining (EDM) [6]. 
Because they frequently cause the distortion of a workpiece 
and crack on its surface, they should be avoided in general 
EDM process. 
On the other hand, these phenomena have been positively 
used to deform a sheet metal. Otsu et al. have proposed spark 
forming in air to bend a sheet metal [7]. They generated spark 
with a capacitance discharge circuit and tested the bending 
performance under various conditions. The discharge point 
was shifted by a constant interval. In addition, the temperature 
and stress distributions have been simulated by the finite 
element method. Yeo et al. have demonstrated EDM forming 
in oil [8]. The maximum bending angle was 90 deg. with 
wedged electrodes under a set of machining conditions. 
However, the performance was not investigated in detail. 
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In this paper, the bending performance by EDM is 
experimentally investigated with various electrodes. Then an 
incremental forming with a thin rod is tried to avoid a warp of 
a sheet metal. Finally, a pipe electrode is used to form a 
convex surface. 
2. Machining conditions 
Figure 1 illustrates a setup for bending experiments. A 
general die-sinking EDM machine (M35KC7G70 by 
Mitsubishi Electric Corp.) was used for experiments. An 
electrode was mounted on the quill with a holder or chuck. An 
end of a workpiece was fixed with a clamp on the table. 
 
 
Fig. 1. Experimental setup. 
Workpieces were a 30400 stainless steel strip with 
dimensions of 60 mm in length, 5 mm in width and 0.05 or 
0.1 mm in thickness, and weighed 0.12 and 0.24 g, 
respectively. They were cut out from a large sheet by wire 
EDM. Their longitudinal direction corresponded with the 
rolling direction. 
Figure 2 shows the shapes and arrangements of wedged or 
plate copper electrodes with a width of 20 mm. The taper side 
faced either the fixed or free side. The influence of a wedge 
angle which restricts the maximum bending angle due to their 
geometry was tested for small angles by using the 
arrangements shown in Figs. 2 (a), (b) and (c). A copper plate 
with a thickness of 1 mm shown in Fig. 2 (d) was also used to 
test the influence of discharge area. The relative position in 
the longitudinal direction was measured from the center of 
discharge area which was often wide for the plate electrode. 
In addition, a copper rod and pipe were used in experiments. 
Table 1 shows machining conditions for the wedge and 
plate electrodes, which are similar to ones described in Ref. 
[8]. In order to reduce the removal rate, the discharge current 
was set to 3 A with a transistor discharge circuit. Because the 
servo voltage corresponding to the threshold of the average 
gap-voltage was low, the delay time was often long. In the 
case of using a jump motion of the electrode, each motion and 
machining duration took 0.3 and 0.25 s and the net machining 
time was 45% of the total one. Synthetic high-speed EDM oil 
(Metal Work EDF-K2 by JX Nippon Oil & Energy Corp.) 
was used for working fluid. 
The median of 3 bending angles measured with an optical 
microscope was adopted. A warp in the lateral direction and 
curvature were measured with a surface profiler. The weight 
was measured with an electric balance with a resolution of 0.1 
mg after ultrasonic cleaning in acetone for 10 min. 
 
a       b  
c       d  
Fig. 2. Shape and arrangement of electrodes (a) 45º-wedge (fixed side); (b) 
45º-wedge (free side); (c) 30º-wedge; (d) 1-mm plate. 
Table 1. Machining conditions for wedge and plate electrodes. 
Open-circuit voltage V 80 
Servo voltage % 25 
Discharge current A 3 
Pulse duration ȝs 32 
Pulse interval ȝs 77 
Machined depth mm 0.03 
Jump up velocity mm/min 240 
 
Figure 3 illustrates a possible deformation mechanism. (1) 
A small area on a strip melts by a discharge. The surface 
temperature rises to the melting point and heat conducts to the 
interior. (2) The heat affected zone (HAZ) expands and 
compression stress acts there. Because the metal is easily 
yielded at higher temperature, HAZ plastically deforms 
though the rest zone deforms elastically. The plastic 
deformation by the thermal stress at a high temperature 
depends on the stress level but is independent from the time 
duration of the applied stress [9]. (3) The molten zone is 
removed. (4) The HAZ is contracted by cooling. A tensile 
stress acts on the strip, so that the strip deforms concavely. A 
steep temperature gradient to almost a half of the thickness is 
preferable for the bending process to yield in the HAZ and 
generate the compression stress by the elasticity. 
 
(1)  (2)  
(3)   (4)   
Fig. 3. Deformation mechanism (HAZ: heat affected zone); (1) Discharge; (2) 
Expansion and plastic deformation in HAZ and elastic deformation in rest 
zone, and bending convexly; (3) Removal of molten zone; (4) Contraction by 
cooling in HAZ and bending concavely. 
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By assuming that the surface temperature is the melting 
point and heat is conducted in one direction, the temperature T 
at a depth of x after a time of t is calculated as: 
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where Tm, T0, Ȝ, ȡ, c and erf(·) are the melting point (1673 K), 
room temperature (300 K), heat conductivity (16.7 W/(m·K)), 
density (7.93×103 kg/m3), specific heat (590 J/(kg·K)) and 
error function, respectively. Figure 4 shows calculated 
temperature distributions at various pulse durations. The 
thermal stress possibly acts below 20 ȝm from the surface. 
 
  
Fig. 4. Calculated temperature distribution at various pulse duration. 
3. Experiments 
3.1. Polarity of tool electrode 
Strips with a thickness of 0.05 or 0.1 mm were bent to 90º 
in the arrangement shown in Fig. 2 (a). Table 2 shows the 
bending angle, removal amount and removal rate. The 
machining time containing the jump time at the negative 
polarity for 90º bending was much longer than that at the 
positive polarity. The removal rate at the negative polarity 
was smaller than that at the positive polarity. The workpiece 
was sometimes lifted together with the tool electrode during 
short-circuit at both polarities in the case that the molten 
surface of the strip by the discharge adhered to the electrode 
and were resolidified. Because the restoring force due to 
stiffness of the 0.1-mm strip is larger than that of the 0.05-mm 
strip, the machining time for the 0.05-mm strip was often long. 
The machining time has the same order regardless of the 
thickness of the strips. 
 Table 2. Influence of polarity of tool electrode. 
Thickness 
mm 
Electrode 
polarity 
Bending 
angle 
deg. 
Removal 
amount 
mg 
Machining 
time s 
Removal 
rate 
mg/min 
0.1 + 92.6 1.3 221 0.35 
0.1 – 90.1 0.4 1890 0.013 
0.05 + 90.0 0.2 132 0.091 
0.05 – 87.1 0.1 2493 0.002 
 
Figure 5 shows results of bending of 0.1-mm strips. The 
sharp bending edge was observed in both cases of electrode 
polarity. A side of a 0.1-mm strip was slit by the removal at 
the positive polarity. On the contrary, a 0.05-mm strip was 
frequently slit at both polarities. In the following experiments, 
the electrode polarity was mainly set to the negative to avoid 
the heavy removal. 
 
a        b  
             
Fig. 5. Results of bending of 0.1-mm strips; (a) positive; (b) negative. 
3.2. Warp in lateral direction 
Figure 6 shows warps in the lateral direction. They were 
measured at 1.5, 3.0 and 4.5 mm apart from the middle of the 
discharge line toward the clamp. The wedged electrode was 
arranged as shown in Fig. 2 (a). A 0.05-mm strip was warped 
at near side from the discharge line and slanted a little. The 
warp in a 0.1-mm strip was smaller than that in the 0.05-mm 
one. The tensile stress act on the machined surface and in the 
lateral direction formed the strip into a V-shape as described 
in Chapter 2, and warped and sometimes twisted gently, 
respectively. Consequently, the height of both sides was 
higher than the center, and a higher side was removed as 
shown in Fig. 5 (a). 
 
  
Fig. 6. Warp of 0.05-mm strip bent with wedged electrode. 
3.3. Progress of bending 
Figure 7 shows the relationship between the bending angle 
and machining time. The wedged electrode was arranged as 
shown in Fig. 2 (a). The height at 5 mm apart from the 
discharged line was measured by the electrical contact to the 
tool electrode every 180 s, and the bending angle was 
calculated. The measured point was alternated to 1 or 2 mm 
for the large one. The bending angle was steeply increased 
over 15º. The machining time for 90º bending for 0.1 mm was 
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shorter than that for 0.05 mm. When a workpiece was warped 
in the lateral direction, the stiffness in the longitudinal 
direction was increased. Then, the discharge was not 
distributed to the whole area and the tensile stress in the 
longitudinal direction was disturbed. By decreasing the 
thickness on the discharged line due to the removal and 
increasing the tensile stress in the lateral direction, the 
stiffness in the longitudinal direction was decreased over 15º, 
so that the strip was bent easily. Unstable discharge due to the 
adhesion also caused the longer bending time for the 0.05-mm 
strip as described in Section 3.1. 
 
 
Fig. 7. Relationship between bending angle and machining time. 
3.4. Influence of wedge shape 
To investigate the influence of wedge shape, the 45º 
asymmetrical and 30º-symmetrical tool electrodes shown in 
Figs. 2 (a), (b) and (c) were used. A 0.05-mm strip was bent 
for 5º to avoid the geometrical restriction due to the 
arrangement or the tip angle of the tool electrode. The 
bending angle was measured by the electrical contact of the 
tool electrode to the strip every 10 s. 
Table 3 shows result of bending. The bending time and rate 
were almost the same for all conditions. Therefore, the 
arrangement of the electrode did not affect the when its tip 
was sharp. 
 Table 3. Influence of electrode arrangement on bending angle. 
Arrangement 
in Fig. 2 Sample No. 
Machining 
time s 
Bending 
angle deg. Rate s/deg. 
(a) 
1 70 4.9 14.3 
2 40 4.2 9.4 
(b) 
1 50 5.3 9.5 
2 55 6.4 8.6 
(c) 
1 40 6.1 6.5 
2 50 5.8 9.0 
 
Figure 8 shows the machining result by the arrangement 
shown in Fig. 2 (c). The discharge occurred only the tip of the 
tool electrode and the craters were distributed in line. Because 
the machining time was short and removal amount was small, 
the appearances were also very similar to the others. 
To investigate the influence of the discharge distribution in 
the longitudinal direction, the plate electrode shown in Fig. 2 
(d) was used. The machining time was set to the same as that 
for each polarity and thickness as shown in Table 2. 
 
 
Fig. 8. Result of bending with 30º wedge. 
Table 4 shows the bending angle machined with the plate 
electrode. Because the discharge was dispersed in the bottom 
area of the tool electrode and the residual stress on the strip 
surface became small, the bending angle was much smaller 
than 90º. 
Table 4. Bending angle with 1-mm plate electrode. 
Thickness mm Electrode polarity 
Machining time 
s 
Bending angle 
deg. 
0.1 
+ 221 30.9 
– 1890 42.8 
0.05 
+ 132 7.6 
– 2493 6.4 
 
Figure 9 (a) shows a result of bending of a 0.1-mm strip. 
Discharge occurred on the area of workpiece projected below 
the tool electrode, and the area gradually spread. Then the gap 
length on the free side became shorter. Therefore, there were 
more craters on the free side. Because the discharge was 
distributed and many did not contribute bending, the bending 
angle was smaller than that with the wedged electrodes. 
Figure 10 shows warps bent with a plate electrode in the 
lateral direction. They were smaller than those with a wedged 
electrode because the discharge distributed in the longitudinal 
direction and bending force in the lateral direction was larger. 
 
a     b  
          
Fig. 9. Results of bending with plate electrode; (a) 0.1 mm; (b) 0.05 mm. 
The discharge was concentrated at a side and no crater was 
observed at the center area on a 0.05-mm strip. The bending 
angle was small due to a warp in the lateral direction. 
0
30
60
90
0 1000 2000 3000 4000 5000
A
ng
le
 d
eg
.
Machining time s
0.1 mm
0.05 mm
1 mm 
1 mm 1 mm 
690   Katsushi Furutani and Norimichi Yoshida /  Procedia CIRP  17 ( 2014 )  686 – 691 
With the wedge electrode, the discharge area was 
concentrated in the longitudinal direction and spread in the 
lateral direction. On the contrary, with the plate electrode, the 
discharge area spread also in the longitudinal direction. 
Consequently, the bending angle with a wedge electrode was 
larger than that with a plate electrode. 
 
 
Fig. 10. Warp of 0.05-mm strip bent with plate electrode. 
3.5. Incremental forming by sequential EDM 
The warp of the strip restricted the discharge area in the 
case of using wedge electrodes. To form various shape on a 
wide strip, an incremental forming by EDM with a thin rod 
was tried.  
Figure 11 illustrates a machining sequence. A copper rod 
electrode with a diameter of 1 mm was shifted with 0.5-mm 
intervals during EDM under the same electrical conditions as 
shown in Table 1. This sequence was repeated once, five or 
ten times. The net machining time for each set of the 
conditions was the same as Table 2. 
 
 
  
Fig. 11. Sequence of incremental forming by EDM with thin rod. 
Table 5 shows the bending angle. Because the longitudinal 
length of the discharge area was the same as that with the 1-
mm plate electrode, the bending angle was almost the same as 
that with the plate electrode. The bending angle became larger 
by repeating the sequence. The discharge distribution 
uniformly generated the tensile stress on the whole discharge 
area. The bending angle of a 0.05-mm strip was larger than 
that of a 0.1-mm strip. Because the gap length was 
automatically adjusted during EDM even if the strip was 
warped, the discharge area was not restricted to the side with 
the rod electrode. Therefore, repeating of short-time 
machining is preferable for uniform bending. The jump 
motion did not affect the bending angle. 
 Table 5. Bending angle by incremental forming (w: with, w/o: without). 
Number of 
machining 
Thickness 
mm 
Electrode 
polarity Jump 
Machining 
time / point 
s 
Bending 
angle 
deg. 
1 0.05 
+ w/o 7 12.9 
– w/o 126 12.3 
5 0.05 
+ w/o 1 35.0 
– w/o 25 13.1 
+ w 3 37.1 
– w 55 17.6 
10 
0.05 
+ w 1.5 43.9 
– w 28 17.3 
0.1 
+ w 3 24.8 
– w 21 8.4 
 
Figure 12 shows a result of bending of a 0.05 mm-strip 
with the jump motion. The machining sequence was repeated 
5 times at the negative polarity. The discharge was uniformly 
occurred on the whole area. 
 
 
 
Fig. 12. Result of bending with rod electrode. 
It is preferable for the discharge area to be restricted in the 
longitudinal direction and to spread in the lateral direction 
uniformly, based on the results with the wedge, plate and rod 
electrodes. 
3.6. Forming with pipe electrode 
The tensile stress acting omnidirectionally was applied to 
form a convex surface. Copper pipes with outer diameters of 
5.0 or 2.5 mm were used as an electrode. Figure 13 shows an 
appearance of the 5-mm electrode which inner diameter was 
2.75 mm. An end of each electrode was chamfered with a drill 
tip with an angle of 120º in order to sharpen the edge. 
Table 6 shows the machining conditions for forming with 
the pipe electrodes. To reduce the machining time, the 
electrode polarity was set to positive. 
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